To improve the electronic properties of graphene, many doping techniques have been studied. Herein, we investigate the electronic and molecular structure of doped graphene using density functional theory, and we report the effects of amine-based benzene dopants adsorbed on graphene. Density functional theory (DFT) calculations were performed to determine the role of amine-based aromatic compounds in graphene doping. These organic molecules bind to graphene through long-range interactions such asinteractions and C-H⋅ ⋅ ⋅ hydrogen bonding. We compared the electronic structures of pristine graphene and doped graphene to understand the electronic structure of doped graphene at the molecular level. Also, work functions of doped graphene were obtained from electrostatic potential calculations. A decrease in the work function was observed when the amine-based organic compounds were adsorbed onto graphene. Because these systems are based on physisorption, there was no obvious band structure change at point K at the Fermi level after doping. However, the amine-based organic dopants did change the absolute Fermi energy levels. In this study, we showed that the Fermi levels of the doped graphene were affected by the HOMO energy level of the dopants and by the intermolecular charge transfer between the adsorbed molecules and graphene.
Introduction
Graphene, a two-dimensional hexagonal lattice of carbon, has recently attracted much interest as a flexible and transparent conductive electrode due to its high conductivity [1] [2] [3] and low optical absorption [3] [4] [5] . By controlling the graphene work function, the conductivity can be improved through reducing the contact barriers between graphene and an electrode device [6] . The conductivity can be tuned by doping techniques such as substitution doping [7] , chemical doping [8] , and spontaneous surface charge transfer between adsorbed materials and carbon atoms [9] . Previous studies have shown that derivatives of benzene can bind to graphene sheets because of the formation of strong -interactions between the aromatic ring and the extended -system of graphene. Also, the degree of doping of graphene can be adjusted by modulating the electron-donating abilities of the benzene derivatives by adding electron-donating or electron-withdrawing group substituents. Electron-donating groups increase the electron density on aromatic molecules; thus, they lead to n-type doping of graphene. For example, 1,5-naphthalenediamine is an aromatic molecule with an electron-donating amine functional group (-NH 2 ). In contrast, aromatic molecules with electron-withdrawing groups, for example, tetrasodium 1,3,6,8-pyrenetetrasulfonic acid (TPA), cause p-type doping of graphene because these substituents decrease the electron density on the aromatic ring system of the organic dopant [10] . In addition, aminebased organic compounds are known to be efficient n-type dopants because amine (-NH 2 ) functional groups have lone pairs, which can donate electrons to the graphene sheet [11, 12] . Density functional theory (DFT) calculations can be used to obtain detailed information about the bond types and electronic structure of doped graphene, enabling the examination and analysis of these systems [13] . Recently, DFT calculations were used to show that both pristine graphene 2 Journal of Nanomaterials and Al-doped graphene are potential candidates for the detection of the toxic compound acrolein (C 3 H 4 O) [14] .
In this study, we used amine-based benzene derivatives to investigate the effect of amine-based organic molecules on the electronic and molecular structure of graphene. The properties of the organic molecules were modulated by the addition of functional groups such as phenyl rings (1), butylphenyl groups (2), and acetylphenyl groups (3). To investigate the role of amine derivatives in graphene doping, we carried out DFT calculations. Geometry optimizations were used to find stable equilibrium geometries, and electrostatic potential calculations were performed to obtain the work functions of both pristine graphene sheet and graphene doped with amine-based dopants. In addition, the electronic structure of pristine graphene and that of doped graphene were compared to understand and improve the performance of graphenebased electrode devices at the molecular level.
Computational Methods

Geometry Optimization.
All DFT calculations were performed with the DMol 3 software package [15] to study the interactions between graphene and the amine-based organic molecules and to predict the electronic structure change of graphene when the organic molecules are physisorbed onto graphene. To mimic the extended structure, we used a periodic boundary condition (PBC). This was used for both the pristine graphene sheet and the adsorbed graphene complex. All calculations employed the DNP (double numerical with d and p polarization) basis set, which is comparable to a 6-31G(d,p) Gaussian-type basis set. Geometry optimization calculations used a generalized gradient approximation (GGA) functional that includes exchange-correlation, that is, the Perdew-Burke-Ernzerhof (PBE) functional [16, 17] . PBE-GGA calculations are known to perform well in the description of long-range interactions compared to the local density approximation (LDA) [18] . To describe more accurately the dispersive interactions between graphene and the adsorbed organic compounds, the Tkatchenko-Scheffler (TS) method [19] was employed for dispersion correction. TS is a parameter-free method for the accurate determination of long-range interactions in self-consistent field (SCF) electronic structure calculations. The geometry optimization procedure was performed without any symmetry restrictions. The criteria for both the SCF convergence and the total energy were set to 10 −6 Hartree. The maximum force was converged to 0.002 Hartree perÅ, and the maximum displacement parameter was set to 0.005Å. To improve convergence, thermal smearing was used and was set to 0.005 Hartree. To calculate the work function of graphene, the layers were separated by a 20Å vacuum to minimize interactions between adjacent layers. We used an 8 × 8 × 1 graphene supercell consisting of 128 C atoms.
Electrostatic Potential Calculations.
Electrostatic potential calculations, provided by the DMol 3 package, were performed on the periodic structures to obtain the work functions of the pristine graphene sheet and of the graphene doped with amine-based organic dopants. The average potential was calculated along the c-direction, which is perpendicular to the graphene surface. The work function ( ) was determined using the following equation:
= vacuum − , where vacuum is the potential in the vacuum, which is calculated as the average potential between two graphene layers. At large separation from the graphene sheet, the calculated electrostatic potential becomes almost independent of the separation. The calculated electrostatic potential at this distance is defined as vacuum .
is the Fermi energy relative to the mean electrostatic potential energy in the graphene layer, and this energy is obtained directly from the electronic state output file generated by DMol 3 . The work function measures the minimum energy required to separate an electron far from the surface of the graphene and is distinct from the ionization potential because the removed electron is still macroscopically close to the surface and is affected by it. Thus, the vacuum potential is determined as the point at which the calculated average potential becomes flat as distance along the c-axis increases; that is, it is the potential at separation from the surface at which the effect on the electron of the surface is at a minimum.
Results and Discussion
3.1. Molecular Structure Change. DFT geometry optimizations were carried out on both extended pristine graphene (PG) and adsorbed graphene sheets. At first, PBE/DNP calculations with the TS dispersion correction were performed for each organic molecule and for pristine graphene to find the equilibrium geometries of the individual components before optimization of the graphene-dopant complex. Figure 1 shows the chemical structures of each amine-based organic molecule: 1, 2, and 3. Generally, because of the lone pairs on the nitrogen atoms, amine-based dopants molecules act as electron donors, causing n-type doping of graphene. The benzene rings of the organic dopants can form stable interactions with the graphene sheet due to the formation of strong -interactions. To modulate the electron-donating ability of molecule 1, electron-donating alkyl groups (2) and electron-withdrawing acetyl phenyl groups (3) were attached to the benzene rings. To construct the initial input geometry for the graphene-organic complexes, each optimized organic molecule was added to the optimized pristine graphene structure. The benzene rings of the dopants were placed directly above the hexagonal rings of the pristine graphene to maximize the overlap between the carbon atoms. The organic molecules were oriented almost parallel to the graphene sheet with separation of about ∼3.26Å, which is characteristic of -stacked systems. Here, for the studied compounds, the chosen separation values were in the range of 2.59-3.67Å and were determined by averaging reported values [20] .
The initial and optimized geometries of the complexes in side-on and top-down views are shown in Figure 2 . The optimized structures of the organic molecules in the absence of the graphene sheets show that the organic molecules adopt a nonplanar geometry, mainly to reduce the steric hindrance between ortho-hydrogen atoms in the benzene rings. The butyl groups in 2 extend away from the benzene ring so (1), alkylphenyl groups (2), and acetylphenyl groups (3). For clarifying the substituent effect, hydrogen atoms at the paraposition to the nitrogen are shown in 1. Journal of Nanomaterials that they do not cause significant steric hindrance. Therefore, 2 has a more planar geometry than either 1 or 3, probably also due to the electron-donating effect of the linear alkyl chains. In 3, the outer benzene rings are displaced out of the plane of the central benzene rings and this may also be due to the steric hindrance between ortho-hydrogen atoms. After structure optimization, 3 showed significant structural changes in comparison with the optimized geometries of the other two adsorbed dopants. The distance between the graphene plane and the nearest nitrogen atom in the organic molecules became 3.35Å for 1, 3.38Å for 2, and 3.58Å for 3. Bending of the graphene sheets was observed in the graphene-organic complexes, as shown in Figure 2(d) , where the side-on view of the sheets shows the slight bending of the graphene. Most benzene derivatives of organic molecules tend to be located parallel to the graphene layer with an arrangement similar to Bernal's AB stacking configuration [21] . It is possible that this stacking arrangement maximizes the attractive interactions, while minimizing the repulsive interactions between the -orbitals of the dopant and graphene. Also, most of the hydrogen atoms of the organic molecule are located in the hexagonal lattice space of the graphene structure, that is, at the centers of hexagons. This could indicate the presence of weak, nonclassical, hydrogen bonding between the electron-rich -cloud of graphene and the hydrogen atoms of the organic molecules. This is often termed C-H⋅ ⋅ ⋅ hydrogen bonding [20] . This type of hydrogen bonding can also increase the adsorption interaction between the graphene sheets and the adsorbed organic molecules.
Top view
The organic molecules also changed their structure after adsorption, as shown in Figure 2 . The most significant change was the increase in the proximity of the outer benzene rings of the dopant molecules to the graphene sheet in 3, which changed from its curved initial optimized geometry to a more planar geometry in the graphene-organic complex. However, the equilibrium distance between graphene and the adsorbed organic dopant is greater in 3 than the other two complexes. In addition, the dihedral angles of the ethanediamine linker of the organic molecules (-N-C-C-N-) were measured to give information on changes in the global structure of the organic molecules when they are adsorbed on graphene. The dihedral angles change from 180.122 ∘ to 189.173 ∘ , 180.703 ∘ to 184.237 ∘ , and 179.416 ∘ to 202.808 ∘ for complexes 1, 2, and 3, respectively, a total angular change of +9.051 ∘ , +3.534 ∘ , and +23.392 ∘ , respectively, for each compound. All of these structural changes result in the benzene rings becoming closer to the graphene sheet, increasing -interactions through the bending of the backbone structure. The dihedral angle of the ethanediamine linker of compound 3 showed the most change because it has the largest area of interaction with the graphene sheet compared to 1 and 2.
The adsorption energy (Δ ads ) of the organic compounds on the graphene sheet was calculated to evaluate the degree of interaction for each organic compound on the graphene sheet. The adsorption energy was obtained by using the following equation:
where doped graphene , molecule , and graphene indicate the total energies of the doped graphene, organic molecule, and graphene, respectively. The adsorption energies of compounds 1, 2, and 3 are −3.50 eV, −4.14 eV, and −5.79 eV, respectively. The adsorption energy increases as the size of the adsorbed molecule increases. The large molecular size of compound 3 gives the largest area of orbital overlap; thus, it can interact more with the confined graphene sheet (i.e., confined to the 8 × 8 × 1 graphene supercell). Also, 3 has twice the number of benzene rings as either 1 or 2, and these aromatic rings are the main contributor to the interaction between graphene and the adsorbed organic molecule. The molecular size of 2 is larger than that of compound 1; therefore, compound 2 has larger adsorption energy than 1. However, the dihedral angle change of 2 is smaller than that of 1. This may be due to the alkyl chains in 2 disrupting the interactions between the benzene rings in the organic molecule and graphene; therefore, the benzene rings of 2 cannot interact with graphene even though they have increased electron-donating ability compared to 1. That is, although the alkyl chains increase electron density on the benzene ring, their steric bulk decreases the contact with the graphene sheet. Thus, the observed increase in the adsorption energy for 2 is less than we expected based on the electron-donating ability of the alkyl chains. For this reason, it is important to take into account the molecular structure, including steric factors, as well as the electron distribution of the molecule when designing dopants to form stable adsorbates for graphene. Compound 3 has more aromatic rings than either 1 or 2, and the largest dihedral angle change was observed in compound 3 after geometry optimization was carried out on the adsorbed complex. From these results, we concluded that the graphene and organic molecules affect the structure of each other on the formation of a physisorbed complex and that the interaction between the two is caused by long-range interactions. Before we close the discussion of the structural changes that occur on adsorption, we must emphasize that here we have only investigated the physisorption of organic molecules onto graphene. There were almost no structural changes to the graphene sheet after the physisorption of the dopant compared to structural changes to the organic dopants, as shown in Figure 2(d) . In calculations where the organic molecule was driven closer to the graphene sheet, one carbon atom in graphene protruded out of the plane and formed a chemical bond with a nitrogen atom of the amine. However, this caused the total energy of the complex to increase, mainly due to the steric hindrance; thus, only the results from equilibrium optimized structures have been discussed in this study.
Changes to the Electronic Structure.
The electronic structure of graphene changes on the adsorption of an organic molecule to graphene [22] . We found that the electronic structure of the doped graphene depended on the electronic properties of the adsorbed organic molecule. The calculated band structures for graphene and the graphene-molecule complexes are shown in Figure 3 . Because the Fermi level of pristine graphene exactly crosses the Dirac point, it is well-known that graphene is a zero-gap semiconductor [23] .
Journal of Nanomaterials Figure 3 . The valence and conduction bands touch, and the Fermi level bisects two bands at point . Thus, the shift in the band structure at point gives useful information about changes in the mobility of graphene. As seen in Figures  3(b) , 3(c), and 3(d), the electronic band structures of the adsorbed graphene systems show no obvious differences at point close to the Fermi level compared to pristine graphene; therefore, no changes in mobility should occur after the adsorption of dopants onto graphene. No band structure changes at point of the Fermi level were observed because no defects are formed during physisorption. For this reason, doping by physisorption is different from other destructive doping techniques such as substitutional doping or the covalent functionalization of graphene [24] . However, when the organic molecules are placed on the graphene sheet, the valence bands become complicated, especially in comparison with the conduction bands. Therefore, we assume that the adsorbed organic molecules have a large impact on the valence band of graphene.
Frontier orbitals and energy diagrams of each adsorbed graphene complex are shown in Figure 4 . Analysis of the frontier orbitals of the adsorbed graphene showed that the organic molecules influenced the highest occupied molecular orbital (HOMO) energy of the graphene-molecule complex and the pristine graphene sheet was related to the lowest unoccupied molecular orbital (LUMO) energy of the adsorbed graphene. On formation of the graphene-molecule complex, the HOMO and LUMO energies decreased compared to the energies of the HOMO of the organic molecules 6 Journal of Nanomaterials and the LUMO of the pristine graphene sheet. Interestingly, when the isovalue for displaying the LUMO isosurface is set equal to 0.01, the LUMO of 3 is spread over graphene and the organic molecule; in contrast, the LUMOs of 1 and 2 are localized on the graphene sheet. In frontier molecular orbital theory, the HOMO and the LUMO energies are related to the degree of intermolecular charge transfer. If the HOMO energy of the organic molecules is higher than the Fermi energy level of pristine graphene, charge transfer can take place from the molecule to graphene. The obverse is also true; that is, if the LUMO of the molecule is lower than the Fermi energy level of pristine graphene, charge transfer can occur from graphene to the molecule [25] . The HOMOs and LUMOs of graphene, the organic molecules, and graphene-molecule complexes, and the energies of the Fermi level for both graphene and graphene-molecule systems are summarized in Table 1 . The calculated Fermi energy for pristine graphene is −4.49 eV, which is between the HOMO and LUMO energies of graphene. Only the HOMO level of 2 is higher than the Fermi level of pristine graphene; therefore, intermolecular charge transfer could occur from 2 to graphene. Intermolecular charge transfer is one of the reasons why the Fermi energy level of the PG+2 complex is very close to its HOMO energy compared to other adsorbed graphene systems. The Fermi energy level of the graphenemolecule complexes is influenced by the HOMO energy of the adsorbed organic molecules and by the intermolecular charge transfer between the molecule and graphene. Also, this result is indicative of the electron-donating effect of the alkyl chains on the benzene rings. Increased electron density on the benzene ring may facilitate electron transfer from the adsorbed organic molecules to the graphene sheet.
Work Function Calculations.
Electrostatic potential calculations were used to probe changes in the work function on adsorption of the dopants onto graphene. Figure 5 shows the electrostatic potential calculations for pristine graphene and for PG+1, PG+2, and PG+3. Because of the flat average potential between the graphene layers, which are separated by 20Å, there would be no interaction between the graphene layers. A lower electrostatic potential energy is obtained at regions of greater electron density. Because the graphene sheets have a greater electron density than the organic molecules, a lower electrostatic potential energy close proximity to graphene was calculated. At a shift along the caxis of 0.2 (in fractional coordinates), differences were noted in the electrostatic potential profiles that were dependent on the organic dopant; thus, different electrostatic potential diagrams were obtained for each organic compound. The computed vacuum potentials and Fermi energies and work functions are tabulated in Table 2 . In a previous report, the work function of CVD-grown monolayer graphene was approximately 4.3 eV [5] . This value corresponds to the work function of our simulations of pristine graphene (4.34 eV); therefore, the DFT electrostatic potential calculation with DMol 3 can reproduce experimentally determined work functions quantitatively. The work functions of each grapheneorganic complex are smaller than those of pristine graphene. The work function is influenced by both the Fermi level and the vacuum potential. However, the vacuum potential in work function detection depends on the surface of solid [26] . Because controlling the surface of doped graphene is practically difficult, it is difficult to tune the vacuum potential to a particular level using different organic adsorbates. Therefore, tuning the Fermi energy level, which is possible, is key to altering the properties of graphene by doping. As described in Section 3.2, the HOMO energy level of the organic molecules and the intermolecular charge transfer between molecule and graphene can change the Fermi energy level of the grapheneorganic complex. If we only consider the Fermi energy levels of the graphene-organic molecule complex and pristine graphene, the work functions are in the order PG+2 > PG+3 > PG > PG+1. However, the presence of the organic molecules on graphene affects the electrostatic environment in the region where the detached electron can escape. As a result, the work functions calculated from our DFT calculations are in the order PG > PG+2 > PG+3 > PG+1. Interestingly, the energy of the HOMO of organic compounds and of pristine graphene is in the order 2 > 1 > 3 > PG, which tells us that DFT calculation on the isolated molecules cannot predict the work function of graphene-organic complex properly. Thus, the molecular design of organic dopants will benefit from solidstate DFT calculations that simulate the graphene-organic complexes.
Using the DFT calculations, we confirmed that the amine-based organic compounds induce an n-type doping effect on graphene even if there is no change in the band structure at the point. As a result, when amine-based organic molecules are adsorbed onto the graphene sheet, the adsorbed molecules have no effect on the mobility of graphene. However, the Fermi energy of the grapheneorganic complex is influenced by the different organic molecules.
Conclusion
To summarize, DFT calculations using PBE/DNP and TS dispersion correction were performed to investigate the effect of doping graphene with amine-based molecules. Dopant molecules with a larger steric size have greater orbital overlap and have a greater binding energy, which stabilizes the adsorbed dopant. Electron transfer from the dopant organic molecules to the graphene sheet was facilitated by increasing the electron density on the benzene rings of the adsorbed molecule. Also, directing some hydrogen atoms of the organic dopant towards the graphene to form nonclassical hydrogen bonds increased the stability of the adsorbed molecules. Work function calculations revealed that the amine-based organic molecules induce an n-doping effect on graphene by decreasing the work function of graphene on formation of the graphene-organic complex. However, there is no change in band structure at the point of the Fermi level because these systems are doped by physisorption. Therefore, adsorbed amine-based molecules do not affect the mobility of graphene. However, the work function was affected by changing the Fermi level of graphene, and this was observed in the graphene-organic complexes. In conclusion, solid-state DFT calculation is a useful tool to guide the design of organic dopants on graphene.
